N atural photosynthesis is able to store solar energy in a chemical fuel by powering the oxidation of water to form NADPH, the reduced form of nicotinamide adenine dinucleotide phosphate, and O 2 (ref. ). However, energy conversion schemes based on sunlight really use water splitting into both H 2 and O 2 , an uphill energy transformation involving multielectron transfer events [2] [3] [4] [5] . Given the abundance of water, hydrogen production 6 using electrolysis should be cheap as many effective hydrogen evolution catalysts have been reported 7 . However, hydrogen production is not straightforward as it is coupled with the slower water-oxidation process 3 . Hence, the energetic cost of obtaining oxygen via water oxidation is the rate-limiting step for obtaining hydrogen (see equation (1), E 0 is the standard electrode potential)
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). However, energy conversion schemes based on sunlight really use water splitting into both H 2 and O 2 , an uphill energy transformation involving multielectron transfer events [2] [3] [4] [5] . Given the abundance of water, hydrogen production 6 using electrolysis should be cheap as many effective hydrogen evolution catalysts have been reported 7 . However, hydrogen production is not straightforward as it is coupled with the slower water-oxidation process 3 . Hence, the energetic cost of obtaining oxygen via water oxidation is the rate-limiting step for obtaining hydrogen (see equation (1) , E 0 is the standard electrode potential) 3 . Therefore, the development of water-oxidation catalysts (WOCs) beyond examples that use precious metals, for example, IrO 2 , is a critical step to produce hydrogen cheaply and at scale 8 . An ideal WOC must be fast, capable of water oxidation at a potential minimally above the thermodynamic value, and display oxidative, hydrolytic and thermal stability. Given this challenge, much effort has been put into the synthesis of earth-abundant-based WOCs, mostly based on stable bulk metal oxides 1 and molecular species [9] [10] [11] [12] [13] [14] [15] . As first-row transition metals are abundant, less toxic and able to catalyse several reactions 16 , they can yield inexpensive WOC catalysts that operate under homogeneous conditions 9, [11] [12] [13] 17 , based, for instance, on cobalt oxides 13 and iron 9, 17 . Cobalt-containing WOCs are formed under oxidizing conditions from aqueous Co(ii) salts, and operate at moderate potentials and are oxidatively stable 1 . The stability of polyoxometalates (POMs) against oxidation makes them excellent candidates to develop artificial photosystems that can operate over long periods of time. However, there are few examples of POMs based on first-row transition metals capable of performing effectively as WOCs 18, 19 . Perhaps one of the most remarkable examples is the cobalt-containing POM framework [Co 4 20, 21 , which is the well-known stable Weakley-sandwich archetype 22 ( Fig. 1 ). In fact, the Co-POM WOCs are fast and efficient, but POMs form complex mixtures and mechanistic investigations so far have only been able to explore the nature of the catalyst under different conditions, for example, heterogeneous or homogeneous, varying pH and inclusion of electroactive additives 19 . Tungsten-based POMs are stable and have expanded the library of WOCs 19, [22] [23] [24] [25] [26] , although many of them still contain precious metals such as the ruthenium substituted {Ru 4 Si 2 W 20 } POM by Bonchio et al. 27, 28 . The lifetime and catalytic activity of {Ru 4 Si 2 W 20 } opened a new paradigm in WOCs. In this context, our hypothesis was to implement the Weakley sandwich as a catalyst archetype that could be doped with different metals to tune its redox properties and improve its catalytic activity and stability. In fact, multimetallic catalysis has already been used to improve the homogeneous catalytic oligomerization of ethylene, and to lower the effective voltages needed to drive oxygen evolution reactions 29 . Crucially, we deployed the doped material as a heterogeneous electrocatalyst and analysed the parent {Co 4 10-= {Co 4 W 18 } structure 22 synthesizing a mixed Mo and W {Co 4 Mo x W y } Weakley sandwich, a well known, easy to synthesize POM cluster that is a known WOC. Using this approach, we were able to tune the amount of Mo doped into the structure, gain positional control and lower the overpotential for water oxidation by 188 mV, achieving 517 mV versus 705 mV for the undoped parent {Co 4 W 18 } compound. WOCs often decompose to other active materials under moderate applied potentials, challenging the nature of the genuine catalytic species 30 . This problem is often overcome by immobilizing the molecular WOCs on electrode surfaces [31] [32] [33] [34] . The structurally robust WOC {Co 4 Mo x W y } shows a high degree of oxidative stability and is able to be anchored to the electrode. Our system has fully succeeded in combining the high efficiency and tunability of a molecular catalyst with the durability and stability of a bulk material in a heterogeneous electrocatalyst for water oxidation. In this study, we have shown that a mixture of 
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Mo/W shows a high activity towards water oxidation with an stability comparable to cutting-edge bulk metal oxide catalysts. Structural mapping shows the preferential distribution of doped molybdenum near the catalytic active site adjacent to the terminal water ligands at the end of the {Co 4 } core, and electrospray ionization mass spectrometry (ESI-MS) analysis confirms that the compounds are mixtures of differently substituted {Mo x W y } species. This results show how solid solutions of redox-active metals can be used to tailor the catalytic properties of well-known cluster-catalyst archetypes. 6 .5 by addition of acetic acid. This solution was added to a cobalt solution and the resulting mixture was refluxed for 2 h. After that, potassium acetate was added to promote crystallization and the resulting brown liquor was left to crystallize. All the reactions yielded two types of crystals after one day except for the three highest molybdenum percentages, which only formed precipitate on ongoing evaporation. However, only reactions using three molybdenum percentages were reliably reproducible in a good yield, those being 40% (compound 1), 50% (compound 2) and 60% (compound 3). The two types of crystals were big dark brown block crystals ('type A' compounds 1a-3a) and small golden rectangles ('type B' compounds 1b-3b). . Red spheres, oxygen; purple spheres, cobalt; brown spheres, ruthenium; orange spheres, phosphorous; grey spheres, silicon. Teal polyhedra, {WO 6 } units; yellow polyhedra, {MoO 6 } units; mixed teal-yellow polyhedra, {MO 6 } units, where M = Mo/W. Fig. 3a,b) .
Results

Synthesis of the
Electrochemistry of the
To explore the differences in the catalytic activity of compounds 1a [ . The caesium salt of the all-tungsten material ({Co 4 (PW 9 ) 2 }) was also tested as a control experiment (see Fig. 2 ). At a current density of 1 mA cm -2 the potential for the water splitting of 3b[Cs] is reduced by 188 mV compared with the pure tungsten Weakley. Type A materials (Fig. 2a,c) show that 3a[Cs] has the lowest onset potential, followed by 2a[Cs] (these two range between 1.30 and 1.35 V). They are followed by 1a[Cs], which has an onset potential of ~1.35 V. These values are much lower compared with the all-tungsten analogue, which has an onset potential higher than 1.40 V. Type B materials (Fig. 2b,d) There are remarkable current density differences between type A and type B compounds at a given potential. At 1.6 V, 1a[Cs] shows a current density slightly higher than 2.5 mA cm . Finally, at 1.4 V, 3a[Cs] shows a current density value slightly higher than 1.5 mA cm −2 and 3b[Cs] has a current density of almost 3.5 mA cm −2 . Meaning that in general, type B compounds are faster than type A compounds in catalysing the water-oxidation reaction. This observation is in agreement with the experimental data; the Tafel data show that type B materials have faster kinetics than type A materials. As compounds 3a[Cs] and 3b[Cs] showed the best performances as catalysts for the wateroxidation reaction, deeper electrochemical analysis was performed on these two materials.
Bulk electrolysis experiments using compounds 3a[Cs] and 3b[Cs] were performed to test their hydrolytic and oxidative stability when used as catalysts as part of Nafion inks (see Fig. 2c for 3a[Cs] and Fig. 2d for 3b[Cs] ). Chronoamperometry was performed on compounds 3a[Cs] and 3b[Cs] at 1.4 V versus Ag/AgCl (1.6 V versus normal hydrogen electrode (NHE)). The experiments were conducted in 40 ml of pH 7.1 buffer, in a single cell. A steady current density of of 0.4 mA cm −2 was achieved after 1.5 h, kept constant for > 12 h, and gas bubbles were seen to form the working electrodes during these experiments. During these experiments, the current density was constant, suggesting that both 3a[Cs] and 3b[Cs] remained stable. In addition, inspection of the working electrodes after the experiments revealed no change in the surface material. Also, studies with steady-state current at different potentials were done on modified glassy carbon electrodes with the inks prepared using 3a[Cs] and 3b[Cs].
Multistep chronoamperometry was conducted on compounds 3a[Cs] and 3b[Cs] and a Tafel plot was produced for each catalyst (Fig. 3) (Fig. 2c,d) , showing that both compounds can give a steady current for relatively long periods of time, proving their stability and performance at pH 7. To confirm the Faradaic oxygen production during bulk electrolysis, we monitored the oxygen evolution in the gas space in analogous pH and buffered conditions. For these experiments, we used carbon paste electrodes instead (see Supplementary Information section 4) 34 , to achieve higher current densities and, therefore, to detect the presence of oxygen more easily. Chronopotentiometry for 3a[Cs] and 3b[Cs] was conducted at a constant current of 1 mA cm −2 (Fig. 3c,d ). The oxygen evolved data are quantitative when compared with the expected amount of generated oxygen. Thus, we can rule out the participation of competitive reactions. This guarantees that the data acquired by this process are a good parameter to assess the electrocatalytic activity of these materials. 4 Mo x W y }. The stability of compounds in solution was determined by electrospray ionization ion mobility mass spectrometry (ESI-IM-MS) on the six compounds (see Fig. 4 and Supplementary Tables 5-10 ). Assigning specific species to the peak envelopes proved difficult due to significant envelope overlapping. Therefore, using this particular technique allowed for the separation of species not only by the mass/ charge ratio (m/z), but also by their cross-sectional area. The six compounds display similar profiles via ESI-IM-MS. At a first glance, the profiles for compounds 1a, 2a and 3a appeared to be very similar. However compounds 2a and 3a seem to have their envelopes shifted to lower m/z values, indicating that the species present in these samples are lighter. This agrees with the fact that compounds 2a and 3a have a higher percentage of the lighter element Mo. A similar trend was observed for compounds 1b, 2b and 3b (see Supplementary Tables 5-10) .
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Solution stability and characterization of {Co
The signals at m/z < 900 correspond to fragments of the parent cluster. Above m/z = 900, two differently charged series can be observed. A major one at m/z = ~1,000 with a charge of − 4 and a minor one with a centre between m/z = 1,200 and 1,300. On the plots of drift time versus m/z, it can be clearly seen that the − 4 and − 3 signals correspond to different species, whose spectra can be separated. The difference in the envelopes of the − 4 group of envelopes suggests that there are multiple {Co 4 Mo x W y } species present incorporating different ratios of Mo/W, such as {Mo 7 W 11 }, {Mo 8 W 10 } and {Mo 9 W 9 } (see Supplementary Tables 5-10 for specific assignments). The − 3 group of envelopes is much broader and also corresponds to the fully intact {Co 4 M 18 } sandwich. A wider range of species can be assigned to this signal than the − 4 group of envelopes. In some cases, peaks represent the mixed addenda from the {Co 4 Mo 6 W 12 } species to the {Co 4 Mo 18 } cluster.
Identification of the {Co 4 Mo 18 } cluster is virtually unprecedented, as such a structure based on all-molybdenum lacunary fragments is exceptionally rare 37 . Complementary to mass spectrometry, ICP-OES results helped to definitively assess the molybdenum content. ICP-OES was conducted on the six different samples obtained (1a, 1b, 2a, 2b, 3a and 3b) to determine the proportion of molybdenum to tungsten in each material. Despite their almost identical unit-cell parameters, compounds 1-3 were chemically distinct, with a unique Mo:W ratio; however, between crystal types A and B, the Mo:W ratio was largely conserved. However, there was a slight variation in the countercations present. The ICP results showed that the synthetic ratio did not match the final ratio of the products. A lower amount of molybdenum compared with the synthetic ratio was found in the crystals, meaning that not all the molybdenum available is introduced into the structure. As expected, reactions with a higher percentage of molybdenum produced compounds with correspondingly higher Mo content (Table 1) . Overall, the MS analysis gave a good 
Discussion
In summary, we have shown that substituting molybdenum into the known {Co 4 W 18 } Weakley sandwich structure is a successful strategy towards POM-based WOCs, and structure control on these clusters has been achieved and confirmed by ICP-OES and ESI-IM-MS. The ratio of molybdenum to tungsten observed in the final compounds is lower than the ratio used synthetically, but up to the equivalent of eight of the eighteen addenda sites can be replaced reliably with molybdenum. MS revealed that the final compounds are complex crystalline mixtures of many different Mo/W containing clusters, with evidence revealing the unexpected presence of the elusive {Co 4 Mo 18 } species. The results provide a strategy for generating molecular heterogeneous catalysts by doping known W clusters with Mo to improve their WOC properties, opening up this field to the development of POM-based WOCs using similar design principles.
Methods
Materials and chemicals. All chemicals were purchased from Sigma-Aldrich and used without further purification. Na 10 22 . Detailed description of the synthesis of compounds 1a, 1b, 2a, 2b, 3a, 3b can be found in the Supplementery Information, section 2.
Single crystal X-ray diffraction. Suitable single crystals were selected and mounted onto the end of a thin glass fibre using Fomblin oil. Single-crystal datasets and unit cells were collected at 150(2) K on a Bruker Apex II Quasar diffractometer equipped with a graphite monochromator (λ (MoKα ) = 0.71 Å) at 150(2) K.
Structure solution and refinement was carried out using SHELXS-97 38 and SHELXL-97 39 via WinGX 40 . Selected details of the data collection and structural refinement of each compound can be found in Supplementary Tables 12-17 and full details are available in the corresponding .cif files.
Electrospray ionization mass spectrometry. Measurements were performed using a Waters Synapt-G2 spectrometer. The instrument was operated in negative mode and with an electrospray source regularly calibrated using 2 µ g l ; source gas flow, 0.0 ml min −1 ; trap gas flow, 2.0 ml min
; helium cell gas flow, 180 ml min −1 ; ion-mobility spectrometry-mass spectrometry (IMS-MS) gas flow, 90.0 ml min ; IMS-MS wave height, 23.7 V. Data were acquired using MassLynx v4.1 and initially processed using Waters DriftScope v2.2 software. IM-MS spectra are displayed with a linear intensity scale using the colour-coding shown in the accompanying key (Fig. 4) ; no filtering is applied to limit signals or remove noise. Data analysis was performed on the Waters Driftscope v2.2 software.
Inductively coupled plasma optical emission spectroscopy. The sodium and potassium compounds were dissolved in HPLC grade water without digestion. The compounds containing caesium were digested in 3 ml hydrogen peroxide and then dissolved in HPLC grade water. The instrument used was an Agilent 5100.
Electrochemistry. Measurements were made on a single-channel Bio Logic SP150 potentiostat.
Oxygen evolution. Oxygen evolution was detected with an Ocean Optics NeoFOX oxygen-sensing system equipped with a FOXY probe inserted into the gas space of the reactor, close to the anode.
Data availability. The datasets generated during and analysed during the current study are available from the corresponding author on reasonable request. 
